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Abstract 
For the purpose of this thesis work, four n-type CZ silicon ingots with different crown tapered angle 
and shouldering area were characterized in order to understand the oxygen behavior and related 
defects on ingot top cuts and its influence on material lifetime. A p-type CZ silicon ingot was also 
characterized in order to have a reference material for comparison. Differences in lifetime between the 
crowns were observed and a strong correlation between the crown tapered angle and oxygen 
concentration and distribution was established. The crown with the higher tapered angle has the 
highest lifetime. In contrast, the crown with the lower crown tapered angle has the lowest lifetime. The 
crystal body quality can be influenced by the top ingot quality in what concerns the interstitial oxygen 
concentration and distribution. Thus, analyzing the early body of each ingot, it might be possible to 
predict the crystal body quality.  
 
Key-words: n-type CZ silicon, crown tapered angle, shouldering area, lifetime, interstitial oxygen. 
 
Resumo 
Para o propósito desta tese, foram caracterizados quatro lingotes de silício CZ do tipo n com diferentes 
crown tapered angles e shouldering areas no sentido de compreender o comportamento do oxigénio e 
defeitos associados na parte superior do lingote e a sua influência no tempo de vida do material. Um 
lingote de silício CZ do tipo p foi igualmente caracterizado com o intuito de se ter material de 
referência para comparação. Diferentes tempos de vida foram observados entre as coroas e uma forte 
relação entre crown tapered angle e concentração e distribuição de oxigénio foi estabelecida. A coroa 
com maior tapered angle possuí o maior tempo de vida. Pelo contrário, a coroa com menor tapered 
angle possuí o menor tempo de vida. A qualidade do corpo do cristal pode ser influenciada pela 
qualidade do topo do lingote no que toca à concentração e distribuição de oxigénio intersticial. Assim, 
analisando o início do corpo de cada lingote, pode ser possível prever a qualidade do corpo do cristal. 
 
Palavras-chave: silício CZ tipo n, crown tapered angle, shouldering area, tempo de vida, oxigénio 
intersticial. 
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1. Introduction 
 
“… in 100 years people will say: the work is done, we are living in the Solar Age.” 
Hermann Scheer, winner of the Right Livelihood Award 
(The ’Alternative Nobel Prize’) 
 
In a world which also needs to meet the increasing energy demand, solar energy is definitely a good 
alternative. The PV industry keeps lowering the production costs and, consequently, the prices of solar 
systems. However, the silicon material quality and subsequent efficiency are still important issues. 
There are many impurities with great influence in the silicon performance and efforts are being 
directed at this subject. Among these impurities, oxygen stands out for its detrimental effects on solar 
cells performance. 
The motivation of this thesis is precisely to proceed with silicon material characterization in order to 
understand the oxygen behavior and related defects on ingot top cuts and its influence on material 
lifetime. 
2. Theory of Semiconductors 
 
A great concern in the industry is the solar cell efficiency and its dependence on the material quality. 
The most important parameter to characterize material quality is the minority carrier recombination 
lifetime, which will be explained later after introducing brief introduction of semiconductors theory 
[1]. 
2.1. Energy bands  
  
 
The simplified energy band diagram for semiconductors consists on two distinct bands: conduction 
band and valence band. In Figure 1, it is possible to identify both energy bands for metal, 
semiconductor and insulator materials. In the first case, an electron can move to the conduction band 
freely because there is no forbidden region (band gap) present. On the other hand, insulators have a 
band gap sufficiently large so that electrons cannot make the transition to the conduction band. 
Finally, semiconductors fall somewhere in the between. 
Generally, the bottom line which indicates the bottom edge of the conduction and is labeled    and the 
top of the valence band is indicated as   . The energy difference between those two bands is the 
energy band gap, namelly    or      [2,3]. 
 
 
Figure 1 - Energy band diagrams for metal, semiconductor and an insulator [4] – this diagram illustrates a fundamental 
difference between insulating and conductive materials. 
An important feature of an energy band diagram, which is not included on the simplified diagram, is 
whether or not the conduction band minimum and the valence band maximum occurs at the same 
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value for the wavenumber ( ). A semiconductor which minimum and maximum occurs for the same 
wavenumber is called a direct band gap semiconductor. Otherwise, the semiconductor is said to have 
an indirect band gap. The nature of the band gap is important because of the way it affects the 
absorption and emission of light (see Figure 2). In terms of the     diagrams (band diagrams) the 
energy is plotted as a function of the wavenumber ( ) along the main crystallographic directions in the 
crystal, since the band diagram depends on the direction in the crystal. In case of direct band gap 
semiconductors like GaAs, the conduction and valence band minimums are both located at    , 
while in indirect band gap semiconductors such as Si and Ge, they are located at different values of  . 
Since photons have relatively low momentum, a photon emission or absorption by a carrier can be 
thought of as making vertical transitions in the     diagram. This means that, in a direct band gap 
semiconductor, carriers can relatively easily recombine via photon emission. In an indirect band gap 
semiconductor, electrons and holes are concentrated around different wave numbers, which means that 
recombination must involve, in addition to the photon, another particle for momentum to be 
conserved. Usually this assisting particle is a phonon [2,3]. 
 
 
 
Figure 2 - Direct and Indirect band gap semiconductors, respectively [2,3]– (a) The conduction and valence band 
minimums are both located at the same wavenumber; (b) The conduction and valence band minimums are not both located at 
the same wavenumber.         
2.2. Dopants and Impurities 
 
Up to now, we were just discussing about intrinsic semiconductors, i.e., semiconductors which do not 
contain impurities. However, extrinsic semiconductors are of more interest for solar technology. In 
such semiconductors devices, a considerably higher number of charge carriers introduced by doping 
are present and the semiconductor is defined as extrinsic.  
 
These impurities can be introduced unintentionally during the crystal growth or they can be added 
intentionally to increase the number of free carriers in the semiconductor [1]. 
 
When a controlled quantity of specific impurities is introduced in the intrinsic material, a doped 
material is obtained. However, generation of free carriers requires not only the presence of impurities, 
but also that those are able to give off electrons to the conduction band, in a so called n-type 
semiconductor. 
For instance, silicon is a group IV element in the periodic table, so for an n-type doping an element 
from group V (i.e. As, P) is chosen, as well for a p-type doping an element from group III is selected 
(i.e. B, Al, Ga, In). If the introduced impurity provides extra electrons to the conduction band, they are 
called donors. If the introduced impurity gives off holes to the valence band, they are called acceptors. 
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In other words, if impurities are ionized, i.e., the impurity atoms either have donated or accepted an 
electron, the semiconductor material will consequently contain free carriers. 
The ionization of the impurities is dependent on the thermal energy and the position of the impurity 
level within the energy band gap. In silicon we can have either shallow or deeper impurities. In the 
first case, defect levels are very near band gap edges and little energy is required to ionize. On the 
contrary, deeper defect levels (or traps) are located near the middle of band gap and more energy is 
needed to ionize the atoms. The latter can be effective recombination centers because of the high 
probability of electron-hole pairs annihilation. Ionization energies of some elements in silicon are 
shown in Figure 3 [1,3,5]. 
 
 
Figure 3 - Defect levels of some elements in Silicon [5] – Ionization energies for some impurities in Silicon 
 
3. Generation and Recombination 
3.1. Generation and recombination of charge carriers 
 
The generation process consists of electron-hole pairs formation while the recombination process 
consists of its annihilation. When a semiconductor is exposed to light, excess carriers will be created 
and will recombine with the carriers already present in the semiconductor. When the light excitation is 
removed, only recombination will be present making the semiconductor to return to the equilibrium 
state. Thus, recombination lifetime (R) is defined as the measure of the period of recovery of carriers 
from the perturbed state to the equilibrium. As well, carrier lifetime is defined as the time in which the 
excess carrier concentration has decreased to 1/e or 37% of this value in the steady state [2]. 
3.2. Recombination mechanisms 
 
The most important recombination mechanisms will be discussed in this section and they are divided 
in intrinsic recombination and extrinsic recombination mechanisms. The first one consists of radiative 
band-to-band recombination (      and Auger recombination (       . The second is an indirect 
phonon-assisted recombination which is known as Shockley-Read-Hall (SRH) recombination (     . 
Equation 1 represents both material surface and bulk lifetimes (     and      , respectively) 
contribution to the effective lifetime (            [6]. 
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3.2.1. Direct band-to-band radiative recombination 
 
In direct band-to-band radiative recombination, an electron from the conduction band descends to the 
valence band where recombines directly with a hole and consequently leads to energy dissipation in 
the form of a photon (Figure 4) [6]. 
 
 
Figure 4 – Schematic diagram of direct band-to-band radiative recombination [2] – direct electron-hole recombination 
assisted by a photon. 
 
                                       
3.2.2. Auger recombination 
 
Auger recombination is a three-particle interaction where two similar carriers collide, either the 
electron-electron collision in the conduction band followed by recombination with a hole in the 
valence band, or hole-hole collision in the valence band followed by recombination with an electron in 
the conduction band. The excited carrier eventually releases its excess energy as a phonon to the 
crystal [6]. A schematic diagram of Auger recombination is presented in Figure 5. 
 
 
Figure 5 - Schematic diagram of Auger recombination [2] – three-particle interaction assisted by a phonon. 
The recombination occur in a band-to-band transition, thus the expression for the net recombination 
rate is similar to that of band-to-band recombination [7,8]. 
3.2.3. Shockley-Read-Hall recombination 
 
Shockley-Real-Hall recombination (SRH) is an indirect recombination mechanism that involves defect 
or trap states which serve mainly to capture and release carriers (Figure 6). These trap states are 
energy levels created due to the presence of impurities or crystallographic imperfections within the 
semiconductor. When these trap states capture both types of carriers they are called recombination 
centers and these are usually located around and in the mid gap [6]. 
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Figure 6 - Schematic diagram of Shockley-Read-Hall recombination [2] – recombination that involves trap states and is 
assisted by a phonon. 
There are four possible interaction mechanisms of free carriers with a defect level in the band gap. The 
defect level can be occupied either by an electron (occupied state) or by a hole (unoccupied state). On 
one hand, occupied states can either emit its electron into the conduction band or capture a hole from 
the valence band. On other hand, unoccupied states can either capture an electron from the conduction 
band or emit its hole into the valence band. 
 
From the four emission and capture processes, it is possible to deduce rate equations which describe 
the SRH model. For this purpose, it is assumed that the semiconductor is nondegenerate and that the 
density of trap states is small compared to the majority carrier density. 
3.2.4. Surface recombination 
 
Recombination at surfaces is often enhanced relative to the bulk due to the presence of surface 
dangling bonds which act as trapping centers [2]. The surface recombination can be reduced by 
surface passivation. Passivation is done in several different ways. One way is to use an appropriate 
dielectric surface layer such as a silicon oxide layer or a silicon nitride layer so that many of the 
dangling silicon bonds are passivated with oxygen or nitrogen and hydrogen atoms instead of acting as 
recombination centers (see Figure 7). 
 
   
Figure 7 – Surface recombination [9]: (a) silicon atoms are missing and unpaired valence alectrons exist forming 
electrically active interface traps, also called dangling bonds, (b) after oxidation most interface states are saturated with 
oxygen bonds, (c) after hydrogen passivation the surface amount of dangling bonds is decreased. 
4. Single crystal growth 
 
Single crystals are grown mainly either by the Czochralski (CZ) technique or the Float-Zone (FZ) 
technique, which are represented in Figure 8. 
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In 1916, Jan Czochralski (1885-1953), a polish metallurgist, developed a method for single crystal 
growth, later named the Czochralski method, as a result of an experimental accident. Czochralski 
determined the crystallization rate of metals by pulling them out from the melt which was confined in 
a crucible [10]. Single crystals wires occurred and he recognized that single crystals could be grown 
using this technique. Nevertheless, the pulling technique was developed later by Teal and Little and 
patented in 1950 [11]. 
In the CZ technique, a single crystal is grown by pulling upwards a monocrystalline seed with a given 
crystal orientation from the melt which is kept in a crucible.  Through this method, it is possible to 
produce large and dislocation-free ingots. More about this crystal growth technique will be discussed 
in the next chapters.  
In 1962, Henry C. Theuerer (1910-1988) patented a new method for single crystal growth, the FZ 
method [12]. 
This technique is based on vertical zone melting principle. Firstly, a monocrystalline silicon seed must 
be in contact with one end of a polycrystalline silicon ingot. Then a molten region is established by 
heating using a radio-frequency induction coil and starts to move vertically along the entire ingot and, 
simultaneously, purifying the material, forming dislocation-free monocrystalline silicon with the same 
crystallographic orientation of the starting seed. 
 
 
Figure 8 - Schematic representation of the Czochralski (CZ) and Float-zone (FZ) techniques, respectively [13] – single 
crystals can be grown by pulling them from the melt which was confined  in a crucible or by a free-crucible technique which 
follows the vertical zone melting principle. 
Both techniques have advantages which differ essentially in production cost and speed, which favor 
the CZ technique, and purity of the material, which is superior if the FZ method is carried out.  
If the purity level is the main factor of interest, the FZ technique is the elected one mainly because it is 
crucible-free. Also, most of the impurities are more soluble in the molten silicon than in the crystal. 
Consequently, in FZ technique, those impurities are pushed away from the crystal. This procedure can 
be repeated more than one time in order to lower the remaining impurity concentration. This 
represents a huge advantage in relation to CZ technique, since it can achieve much higher purity and 
higher resistivity. On the other hand, a CZ crystal can have lower purity but it makes silicon wafers 
even more resistant against thermal stress and metallic contamination. Also, in the FZ technique, due 
to the molten region, the weight of the lower part of the crystal is quite restricted and only crystals 
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with small diameter of up to 200 mm can be grown, while CZ crystals can be produced with diameters 
of up to 300 mm [14]. Therefore, if large crystal diameters and high doping concentration are required, 
the CZ technique must be chosen, since it is difficult to be produced by FZ method. Besides the 
material quality, if production costs are also taken into account, then CZ technique is the best option in 
concern to that matter. In fact, for the CZ technique, significant cost reductions can be accomplished 
by producing crystals with larger diameters and reusing the expensive crucibles. 
Today, single crystals are produced mostly by the CZ technique, whereas the FZ technique is only 
essential for applications which require extremely pure silicon material. 
During this chapter, the Czochralski technique will be discussed, in particular the silicon purification 
process, the CZ crystal growth and related impurities. 
4.1. Czochralski silicon crystal growth 
 
The Czochralski (CZ) method is used to convert polycrystalline silicon chunks into single-crystal 
ingots of semiconductors [15]. This method requires rather complex equipment with several 
components and functions.  
Figure 9 shows the typical CZ silicon growing system where the main components are exemplified. It 
is mainly composed by the so-called hot zone that includes the graphite susceptor, the graphite heater 
and the thermal shield; crystal pulling and rotation systems, crucible lift and rotation structures; 
diameter and temperature controlling devices [16]. 
 
Figure 9 - Schematic of a typical CZ silicon growing system [16] – The grower system comprises the hot zone, crystal 
pulling and rotation systems, crucible lift and rotation structures; diameter and temperature controlling devices. 
The graphite hot zone is thermally insulated and it surrounds the silica crucible. The heating system is 
a meandering-coil element heated by electric current. A vacuum system is required, so at beginning of 
the crystal growth process the chambers are evacuated and then purged with inert gas, typically argon 
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(Ar) at low pressure (5-50 mbar in PV industry and atmospheric pressure in microelectronic industry) 
[17]. 
The CZ crystal growth has these major steps: (1) melting of polysilicon nuggets, (2) temperature 
stabilization of the melt, (3) seeding processes, (4) necking process, (5) crown formation, (6) 
shouldering stage, (7) crystal body growth and (8) conic tail growth [16]. 
Polysilicon nuggets are placed in a high-purity silica crucible which is heated to the melting point of 
silicon (1420ºC) [15, 16]. The seed holder is attached to a steel cable or onto the upper shaft. Once the 
charge is molten, the melt flow needs to be stabilized under steady conditions before a rotating 
monocrystalline seed is lowered towards the melt which is rotating in the opposite direction of the 
seed. After partical dipping into the melt, the seed is pulled upward, melt crystallization begins at the 
solid-liquid interface and a monocrystalline silicon ingot grows with the desired diameter by adjusting 
the pull rate and melt temperature [15, 16]. Figures 10 and 11, show the CZ crystal growth process and 
the major steps, respectively. 
 
Figure 10 – Schematic of CZ crystal growth method [18] - The heating system is a meandering-coil element heated by 
electric current through a graphite element surrounding the silica crucible. The seed is lowered towards the melt and the 
necking process is performed. A dislocation-free crystal body grows. 
 
    Melting of polysilicon nuggets 
 
 
Temperature stabilization 
 
 
Seeding process 
 
 
Necking process 
 
 
Shoulder growth 
 
 
Crystal body growth 
 
Figure 11 – Different steps of CZ crystal growth method [19] - (1) Melting of polysilicon nuggets, (2) Temperature 
stabilization of the melt, (3) seeding processes, (4) necking process, (5) shouldering stage, (6) crystal body growth [16].  
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When the seed is dipped into the melt, dislocations in the material are generated due to a high thermal 
shock exposure. In order to achieve dislocation-free growth, a “necking” process is performed. Since 
the ingot is typically pulled in a defined <100> orientation and dislocations only propagate on (111) 
planes that are oblique to that one, then dislocations grow out of the crystal neck after a few 
centimeters, thus the crystal body grows dislocation-free. Actually, this dislocation-free state manifests 
itself through the development of ridges on the crystal surface [17].  
During the necking development, based on Dash (1958) [20], the seed with initial diameter of ~12mm 
is gradually decreased by increasing pull speed and temperature adjustment until both neck diameter 
of 3-4mm and a pull rate of 4-6mm/min are achieved, which happens after a few centimeters of 
growth [16]. 
After the necking process, the crystal diameter can be enlarged by slower pulling until it reaches the 
desired values the so-called “crown” formation. In the transition to the body growth status, the pulling 
velocity is raised to the specific value at which the crystal grows with the required diameter. This 
quick step is called the “shouldering stage”.  
As long as the crystal body is growing, the pulling velocity is kept constant, in the range from 0.5 to 
1.2 mm/min. Also, due to seed rotation the crystal cross-section is typically circular and the crystal 
diameter is often chosen between 150 and 200mm [17]. 
The contact at solid-liquid interface is established between the melt and the crystal. There the melt 
surface forms a meniscus to the crystal. This meniscus has the form of a shiny ring around the crystal 
and is the only option for crystal diameter control. This can be done through meniscus height 
variations control or by meniscus diameter measurement with a CCD camera. Therefore, the crystal 
diameter can be adjusted by controlling the pulling rate [17]. 
The melt is systematically stirred during the entire crystal growth process due to crystal seed and 
crucible rotation. The seed rotation occurs in clockwise direction to homogenize impurities 
distribution and suppress temperature inhomogeneities in the seed. In the other hand, the crucible 
rotation in counter-clockwise direction in order to stabilize the melt flow and control the oxygen 
concentration in the crystal. Therefore, helical growth geometry is produced as result of those 
rotational movements and any small temperature variation inevitably would generate fluctuations in 
the growth rate. Defects formation can occur as a consequence [17, 21]. Figure 12 shows the 
convection patterns in a CZ melt.  
Silicon solidification is accompanied by latent heat generation, which needs to be removed in order to 
not prevent further silicon solidification. Thus, it is dissipated into the crystal via conduction which in 
turn dissipates heat to the ambient surroundings through radiation and convection [21]. Figure 13 
illustrates the typical heat flow pattern during the crystal pulling.  
At the final stage of crystal growth, the crystal diameter decreases with the pull speed raising and 
crystal diameter decreasing. Gradually, it develops a “conic tail”. Afterward, the crystal can be 
separated from the melt [17]. 
After crystal growth is finished, the heating system is turned off and the crystal remains in the growth 
chamber for a period of time until it is approximately the room temperature before its removal from 
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there. All temperature variations at which the crystal was subjected over time constitute the so-called 
thermal history of the silicon crystal, which is important to the material characterization [16]. 
 
Figure 12 - Convection patterns in a CZ melt due to (a) thermal convection, (b) crystal rotation and (c) crucible 
rotation [16] – Thermal convection flow due to the existence of a nonvertical temperature gradient and forced convection 
induced by crystal and crucible rotation. Seed rotation occurs in clockwise direction to homogenize impurities distribution 
and suppress temperature inhomogeneities; crucible rotation in counter-clockwise direction in order to stabilize the melt flow 
and control the oxygen concentration in the crystal. 
 
Figure 13 - Typical heat flow pattern during the crystal pulling [22] - Silicon solidification is accompanied by latent heat 
generation. It is dissipated into the crystal via conduction which in turn dissipates heat to the ambient through radiation and 
convection 
4.2. Impurities in CZ silicon 
 
It is known that certain impurities in as-grown silicon material will influence the solar cell 
performance. In Figure 14, the relationship between impurity concentration and material efficiency for 
p-type semiconductor is shown. The properties of the bulk material may be affected by electrically 
active impurity, increasing the recombination rate. Furthermore, impurities may induce series- or 
shunt- resistance effects and other junction defect mechanisms. However, not all impurity and defect 
interaction phenomena are harmful to solar-cell performance.  Oxygen precipitates can provide a 
significant benefit to CZ-Si, since those are able to trap unwanted metallic impurities. In Figure 14 it is 
shown the sensitivity of monocrystalline CZ solar cell performance in relation to different type and 
concentration of impurities. 
Because the main focus of the thesis work is to investigate the role of oxygen and defects in CZ silicon 
materials, the following section describes the current knowledge about oxygen in silicon and its effect 
on solar cell properties. 
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Figure 14 - Limits on impurity concentration in p-type silicon for impurities determining the degradation threshold of 
solar cells for (a) semiconductor, (b) solar-, and (c) MG-Si [23]. 
4.2.1. Oxygen 
 
Oxygen is the most important unintentional impurity in CZ-Si, which is present in a range of 10
18 
atoms/cm
3
 (see Table 1). The incorporation of this impurity in the melt results from the gradual 
dissolution of the silica crucible walls [24]. Equation 2 shows the respective reaction. 
      SiO2 + Si  2SiO 
 
(2) 
Since SiO is very volatile, most of the oxygen evaporates from the melt surface, but a small part 
remains in the melt which is incorporated into the silicon crystal through the crystal-melt interface 
[25] (see Figure 15). The oxygen solubility depends on several factors such as the doping, the presence 
of carbon, thermal stress in the crystal, or even the ambient atmosphere during the process. 
Consequently, the oxygen content varies with the process growth conditions [26]. 
 
Figure 15 - Schematic of a silicon CZ growth system showing relationship among oxygen-controlling factors – oxygen 
incorporation in the melt due to dissolution of crucible silica walls. Most of oxygen evaporates from the melt surface, but 
oxygen segregation into the crystal also occurs [25, 26]. 
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Therefore, the foremost oxygen-controlling factors in CZ-Si growth are the effect of surface 
evaporation and crucible dissolution. The effects of crystal and crucible rotations play also an 
important role in this matter [27]. 
Lin and Benson [27] studied the oxygen evaporation from the melt surface by growing a CZ crystal 
with 300 mm of diameter. During this experiment, the oxygen content was measured as a function of 
the fraction of melt surface being covered by the growing crystal during the growth process (see 
Figure 16). It was recognized that the relationship between oxygen concentration and available melt 
surface is not linear. Under a crystal diameter of 125 mm, the oxygen evaporation is very sensitive to 
the diameter change. Therefore, the oxygen concentration that still remains in the growing crystal will 
be related to that, following the diameter changing’s. Though, when the crystal is covering almost 
completely the melt surface, i.e., when the crystal reaches the desirable diameter, the evaporation 
seems to remain nearly constant and the oxygen concentration in the crystal is linear along the fraction 
solidified. Figure 17 shows the radial oxygen profiles from the seed to the tail of the 300 mm diameter 
crystal. The maximum oxygen evaporation corresponds to 30% of the available dissolved oxygen. 
Still, much lower than generally conceived, that over 90% of the dissolved oxygen from crucible is 
evaporated from the melt surface [27]. 
Table 1 - Typical range of concentration of impurities in semiconductor-grade CZ silicon crystals growth with or 
without a magnetic field [28]. 
Impurity Typical concentration 
Specified acceptor or donor 
dopant* 0.1 ppba… 1000 ppma 51012… 51019 cm-3 
Other acceptors or donors <1 ppba <5 1013 cm-3 
Oxygen* 5-18 ppma 2.51017… 91017 cm-3 
Carbon <0.5 ppma <2.51016 cm-3 
Iron <1 ppta <51010 cm-3 
The concentrations of the impurities denoted by the asterisk (*) are controlled to their optimized and/or specified values, while 
other impurities are considered to be contamination. Notice that 1 ppma corresponds to 51016 atoms/cm3. The interstitial oxygen 
concentrations are given in “new ASTM units” (ASTM F 121-83) and carbon concentration are given in ASTM F 123-86 units. 
 
 
Figure 16 - Oxygen concentration measured as a function of the fraction of melt surface being covered by the growing 
crystal during crown growth [27] - relationship between oxygen concentration and available melt surface is not linear. The 
oxygen evaporation is very sensitive to the diameter change and the oxygen incorporation into the crystal will be related to 
that.  
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Figure 17 – Radial oxygen profile from the seed to the tail of the 300mm diameter crystal [27] - when the crystal is 
covering almost completely the melt surface, the evaporation seems to remain nearly constant and the oxygen concentration 
in the crystal is linear along the fraction solidified. 
The effect of ambient pressure on the oxygen distribution in the melt and crystal was also studied by 
Lin and Benson [27]. In Figure 18 are represented the physical models of oxygen distributions in 
silicon melt which were proposed.  It is illustrated that thermal convection is the main transport 
mechanism of this impurity. Is also clear that under atmospheric pressure (see Figure 18a) the oxygen 
distribution is not uniform near the melt centre, instead there is a low oxygen concentration region. 
This phenomenon is displayed in the radial oxygen profile of the crystal near the seed. However, as 
the crystal is growing, the forced convection achieved by crystal rotation modifies the oxygen 
distribution and, as a result, its non-uniformity in the melt is reduced. On the other hand, under 
reduced pressure (see Figure 18b) the oxygen distribution appears to be more uniform near the melt 
surface, thus with superior radial oxygen uniformity [27, 29]. 
Thermal convection is not significant in the case of a low ratio between melt-crucible contact and 
available free surface area. Then, the oxygen concentration in the melt is equally diffusion and 
crucible dissolution rate-dependent. The variation of this ratio is the basic characteristic of the axial 
oxygen profile of CZ silicon crystals and tends to decrease during process growth. Consequently, the 
melt turns to be more uniform in oxygen content [27]. 
 
Figure 18 - Schematic representation of oxygen distribution in silicon melt at high and low melt level configurations 
[29] -  The dots and lines represent oxygen concentration. (a) At atmospheric pressure, the oxygen distribution is not uniform 
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near the melt centre, instead there is a low oxygen concentration region (b) At reduced pressure, the oxygen distribution 
appears to be more uniform near the melt surface and with superior radial oxygen uniformity [29]. 
Once the oxygen is incorporated it can considerably affect the electrical, mechanical and physical 
crystal properties. In fact, oxygen precipitates provide a significant benefit to CZ-Si, since those are 
able to trap unwanted metallic impurities (Cu, Ni, Fe) [30], in a process known as gettering [31]. 
Actually the importance of the gettering process is recognized by CZ-Si manufacturers. Therefore, 
they use a thermal treatment after wafer production to allow out-diffusion of oxygen which is near the 
wafer surface, forming a small oxygen-free layer in that region, the so-called denuded-zone, which 
improves the wafer performance. 
When incorporated into the crystal, oxygen has an interstitial configuration and when dissolved it 
leads to an increase in the silicon lattice constant. However, interstitial oxygen is electrically inactive 
in the form that is incorporated. Though, depending on the thermal history during the crystal cooling, 
different stages of oxygen precipitation can be observed [26].  
Upon temperatures around 450ºC, electrically active oxygen agglomerates are generated from the 
presence of interstitial oxygen [32]. These electrically active centres [33] are known as thermal donors 
(TDs) and their concentration has a linear relationship with interstitial oxygen concentration, being 
proportional to the fourth power of the latter [34]. Unlike standard doping impurities, TD introduces 
two different energy levels in the Si gap, located at 75 and 170 meV below the conduction band edge, 
respectively [35]. Therefore, TD are double donors in p-type Si whatever the hole concentration and in 
n-type Si up to an electron density of around 51015cm-3. All the silicon crystals experience this 
temperature range during the cooling process from the melt temperature to room temperature, when 
oxygen becomes supersaturated and may precipitate. Fortunately, TDs can be eliminated by a heat 
treatment around 800ºC [36]. 
A second type of oxygen electrically active centres, which are known as new donors (NDs), are 
formed in the range from 650ºC to 850ºC [37]. NDs exhibit a different annealing behaviour when 
compared to TDs, since their generation depend on either a pre-anneal at 470ºC to 550ºC or a high 
carbon concentration in the silicon material (>21016) [38]. The formation rates of oxygen-related 
donors as a function of heat treatment temperature (also namely as annealing temperature) are shown 
in Figure 19. 
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Figure 19 –Maximum oxygen-related donor generation per hour of heat treatment at given temperatures [39] – The 
higher peak occur at around 450ºC and corresponds to thermal donors (TDs) generation; the lower peak occur at around 
750ºC and it is due to new donors (NDs) formation. 
 
4.3. Defects in CZ silicon 
 
As mentioned before in Chapter 3, different recombination mechanisms of holes and electrons occur at 
lattice defects. Several trap levels are introduced in the band gap by crystalline defects and this is the 
major source of efficiency losses in a semiconductor for solar cells.  
Despite of crystal growth being dislocation-free, CZ silicon is not completely defect-free. Grown-in 
microdefects incorporated during the crystallization and cooling processes. Other crystallization 
imperfections in CZ silicon growth can also occur, such as impurity and dopant inhomogeneities. 
The following section will present how defects are classified, the most important grown-in defects in 
CZ silicon, two different theories on grown-in defects formation and also the influence of impurities 
on their formation. 
4.3.1. Defect classification 
 
Crystal lattice defects are usually classified according to their dimension. Thus, they can be classified 
as point defects (0D), line defects (1D), planar defects (2D) and bulk defects (3D). The classification 
and overview of crystal defects in silicon lattice are shown in Table 2 and Figure 20, respectively. The 
categories of defects includes (i) isolated impurity atoms occupying interstitial or substitutional sites, 
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(ii) isolated lattice defects, i.e. vacancies or self-interstitials, (iii) aggregates of two or more impurity 
atoms, (iv) aggregates of two or more intrinsic defects, (v) complexes of impurity atoms with lattice 
defects, (vi) larger aggregates or complexes, such as precipitates, and finally (vii) dislocations [15]. 
The first category of defects refers to point defects (zero-dimensional defects) and includes both 
intrinsic and extrinsic point defects. In relation to intrinsic point defects, vacancies and self-interstitials 
are considered. A vacancy is formed when a silicon atom is removed from its lattice site and leaves 
behind four broken covalent bonds which need to be arranged in other configurations. In contrast, a 
self-interstital is formed when an extra atom is positioned in a lattice site that should be unoccupied in 
an ideal lattice structure. In relation to extrinsic point defects, these can occur unintentionally (as 
residual impurities) or intentionally (as dopants) and they can occupy interstitial or substitutional 
lattice sites [15, 40]. 
At crystal growth temperatures, point defects are isolated and usually electrically charged. Their 
charge state can lead to an interaction with electrically active dopants and, consequently, forming 
point defects complexes [40]. 
The second category of defects refers to line defects and all kind of dislocations are included, such as 
perfect screw and edge dislocations, mixed dislocations, partial dislocations (associated with a 
stacking fault) and dislocation loops. Since the lattice is only disturbed along the dislocation line, the 
defects are considered as one-dimensional [15, 40]. 
The third category of defects refers to planar defects (two-dimensional defects) which are basically 
represented by a disruption of the stacking of planes of atoms which forms two other common types of 
crystal defects, i.e., stacking fault and twins. A stacking fault can be extrinsic or intrinsic when a plane 
is inserted into or removed from the lattice, respectively [15, 40]. 
Finally, the category of bulk defects (three-dimensional defects) includes second-phase particles 
(precipitates), vacancy agglomerates (voids) and foreign particles (inclusions). In one hand, 
precipitates and voids are formed by supersaturation-driven condensation of intrinsic point defects, 
i.e., interstitials and vacancies, respectively. However, inclusions are melt-solution droplets, gas 
bubbles or even foreign microparticles incorporated at the growing melt-solid interface. In fact, these 
two types of defects differ in their size, where precipitates varies in the range 10-100nm and inclusions 
in the range 1-10m [15, 40]. 
Table 2 - Classification of crystal defects in silicon [14, 41]. 
Point defect (0D) Line defect (1D) Planar defect (2D) Bulk defect (3D) 
• Intrinsic point defect  
• Vacancy 
• Self-interstitial 
• Extrinsic point defect  
• Substitucional impurity atom  
• Interstitial impurity atom 
 
• Dislocation  
• Edge dislocation  
• Screw dislocation  
• Dislocation loops  
• Extrinsic type  
• Intrinsic type  
 
• Stacking fault  
• Extrinsic type 
• Intrinsic type 
• Twin 
 
 
• Precipitate 
• Void 
• Inclusions 
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Figure 20 - Overview of crystal defects in silicon lattice [41] – a – interstitial impurity atom, b – edge dislocation, c – self-
interstitial atom, d – vacancy, e – precipitate of impurity atoms, f – vacancy-type dislocation loop, g – interstitial type 
dislocation loop, h – substitutional impurity atom. 
4.3.2. Incorporation of intrinsic point defects 
 
There are two types of intrinsic point defects generated at the growth interface: silicon interstitials and 
vacancies. There are two types of theory on point defect incorporation: equilibrium theories and non-
equilibrium theories. This section introduces a generally-accepted equilibrium theory – Voronkov’s 
theory and a typical non-equilibrium theory – Abe’s theory with focus on the former. 
4.3.2.1. Voronkov’s Theory 
 
According to Voronkov’s theory, the CZ silicon crystal is grown with vacancy or interstitial as 
dominant microdefect type and their formation is determined by the V/G ratio, where V is the growth 
rate and G is the axial temperature gradient near the solid-liquid interface of the crystal [42, 43]. 
In 1982, Voronkov developed an equilibrium model describing the V/G dependence. In this model is 
assumed that both intrinsic point defects coexist at the crystallization temperature in comparable 
equilibrium concentration, but vacancies concentration is still higher than interstitials [44]. 
This model is also based on recombination and diffusion of vacancies and self-interstitials in the 
vicinity of the crystal-melt interface. Upon lowering the temperature, i.e., moving away from the 
crystal-melt interface, both types of point defects recombine in a faster way so their concentration 
gradients are proportional to G. Consequently, strong concentration gradients cause their diffusion 
from the crystal front into the crystal bulk [45]. 
When V/G is low, i.e., when V/G<(V/G)cr at a sufficiently low growth rate, self-interstitials will 
dominate in the crystal since the prevailing flux is diffusion flux and self-interstitial are faster 
diffusers. Later they agglomerate into interstitial type defects (A/B-defects) [46]. 
For V/G above the critical value, i.e., when V/G>(V/G)cr at a sufficiently high growth rate, vacancies 
are incorporated and have higher initial concentration in the crystal since the convection flux 
dominates over the diffusion flux. During the cooling, these microdefects tend to agglomerate forming 
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larger voids. When V/G is slightly higher than the critical ratio (thus low vacancy concentration), 
extended defects such as vacancy-oxygen and oxygen precipitates are produced instead of vacancy 
agglomeration. For this reason, the main vacancy-containing region of a crystal, i.e., where voids are 
generated, is surrounded with a narrow marginal band containing oxide particles [46].  
 In addition, it is believed that G often increases significantly from the crystal-melt interface center to 
the periphery. Therefore, in the central part the V/G ratio will be higher than the critical value, where 
vacancy type defects will dominate, and in the peripheral part the V/G ratio will be lower than the 
critical value, where interstitial type defects will dominate [45, 47]. Figure 21 shows the dependence 
of defect pattern on V/G ratio. 
 
Figure 21- Illustration of the dependence of defect pattern on V/G ratio [48] - When V/G is below the critical value, self-
interstitials will dominate in the crystal. For V/G above the critical value, vacancies are incorporated.  
4.3.2.2. Abe’s Theory 
 
Abe et al. questioned Voronkov’s model because they found that G was a decreasing function of V 
rather than an increasing function [49]. 
In this non-equilibrium model, also known as “birth and death model”, the defect incorporation is 
believed to be only dependent on thermal gradient G near the interface during growth rather on V/G 
ratio. As illustrated in Figure 22, when V is small, G is large near the growth interface and the lattice 
contracts. Thus, excess interstitials are generated to recover the equilibrium lattice parameter. After 
recombination with vacancies, the rest aggregate to interstitial-type microdefects like A-defects and 
stacking faults on subsequent cooling. On the contrary, when V is large, G is small near the growth 
interface and the lattice expands. Therefore, excess vacancies are required to increase the compressive 
stress and shrink the lattice.  During subsequent cooling, they aggregate to form vacancy-type defects 
(D-defects) [49, 50]. 
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Figure 22 - Abe’s proposal model on incorporation on grown-in defects in CZ crystal. Higher thermal gradient 
G>25ºC cm-1 (a) and lower G<20ºC (b) [49] - the defect incorporation is believed to be only dependent on thermal gradient 
G near the interface during growth rather on V/G ratio. 
4.3.3. Different grown-in microdefects 
 
Following the Voronkov’s theory mentioned in a previous section, the defect-type will change from 
interstitial-type (A/B-defects) to vacancy-type (D-defects) in respect to V/G ratio and a defect-free gap 
is formed between the two regions. Since G often increases significantly from the crystal-melt 
interface center to the periphery, the radial cross section of the crystal shows a distinct defect 
distribution (see Figure 23) with a D-defect region in the center and A/B-defect region at its periphery 
[51]. In CZ-Si single crystal, the various defect regions are distinguished by their characteristics of 
grown-in defects. These different defect regions shown in Figure 23 will be described in the following 
section. 
 
 
Figure 23 - Schematic spatial distribution of grown-in microdefect in an axial cross section near the critical V/G ratio 
and a mixed-type defects radial cross section, respectively [45, 51] - the defect-type will change from interstitial-type 
(A/B-defects) to vacancy-type (D-defects) in respect to V/G ratio and a defect-free gap is formed between the two regions. 
There are three distinct grown-in defect bands at the periphery of the vacancy defect region, namely P-band, H-band and L-
band. 
4.3.3.1. Interstitial-type defects (A/B defects) 
 
As it was mentioned before, self-interstitials are incorporated into the crystal when V/G<(V/G)cr and 
agglomerates of excess of them into large dislocation loops are formed during the subsequent cooling 
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process. These defects are also referred as A-defects (or A-swirl defects) and B-defects (or B-swirls), 
which are represented as large and small etch pits respectively after preferential etching [52, 53]. A-
defects density is generally much lower than that of the void microdefects but their size is usually 
orders of magnitude large, causing shorts in p-n junction [16]. This is the reason why most of CZ 
silicon crystals are grown in the vacancy mode, since the CZ material which is grown in interstitial 
mode is not suitable for electronic devices. 
4.3.3.2. Vacancy-type defects: voids (D-defects) 
 
Agglomerates of vacancies form octahedral voids and different designations are used, depending on 
the specific technique which was used for characterization, such as D-defects, Crystal Originated 
Particles (COPs) [54, 55], Flow Pattern Defects (FPD) [56] and Light Scattering Tomography Defects 
(LSTDs) [57, 58]. They are all D-defects or voids. For the specific case of FPD which is especially 
relevant for this work, a series of optical micrographs showing the nuclei site (D) and the shape of 
flow patterns are illustrated in Figure 24.  
Yamagishi et al investigated D-defects using Secco etching and wedge-shaped ‘flow patterns’ were 
observed in the D-defect region for both FZ and CZ silicon wafer [56]. Later, Wijaranakula proposed a 
model to explain the evolution of FPDs as illustrated in Figure 24. The silicon wafers used for this 
experiment were chemical polished and placed vertically in the Secco etchant. Meanwhile, hydrogen 
gas bubbles start to nucleate at the defect site (D) and then are driven upward by buoyancy, resulting 
in the typical wedge-shaped flow patterns. The voids are delineated with Secco etching and they are 
large enough to be easily observed by light microscope. Etch pits without flow patterns are also 
observed and they are not related to D-defects but to crystallographic defects. These etch pits are also 
referred as shallow pits [59, 60]. 
   
Figure 24 - A series of optical micrographs showing a flow pattern defect during a sucessive secco etching for (a) 1, (b) 
14 and (c) 70 min. The amount of silicon removed is illustrated in the upper corner of each picture [59] – A FPD is 
shown in picture (a) but no etch pit can be seen at the nuclei site (D). In picture (b) is possible to see the void as a small etch 
pit. In picture (c), one more FPD is formed and some secco-etched pits (or shallow pits) are also delineated. 
4.3.3.3. Vacancy-type defects: P-band, H-band and L-band 
 
Depending on the growth conditions, the microdefects distribution can be complicated as shown in 
Figure 23. There are three distinct grown-in defect bands at the periphery of the vacancy defect region, 
namely P-band, H-band and L-band.  
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In the P-band instead of voids formation, vacancies tend to agglomerate with oxygen forming oxide 
particles (oxygen precipitates) with a typical density of 10
8 
cm
-3 
[47]. This band is a very narrow 
region with a very low density of vacancies, since the particles consume a large number of vacancies 
to nucleate. Therefore, the formation ratio of particles to voids increases with vacancy concentration 
decreasing. The particles in the P-band are large enough to survive even at 1200ºC. If oxidation is 
performed, the oxygen precipitates can act as nucleation sites for stacking faults, due to interstitials 
which are injected from surface oxide surface, leading to oxidation-induced stacking fault rings (OiSF-
ring) formation These rings are occasionally observed if the oxygen concentration is high and when 
seen in horizontal cuts it delineates a border between vacancy-type defects and self-interstitials regions 
[61, 62, 63, 64].  
Silicon wafers with oxygen-related defects have a significant negative impact on the efficiency of 
solar cells [67]. Considering the defect nature of OiSF-rings, these regions have an important role as 
indicator of growth conditions and bulk properties. Therefore, the detection of these regions is of great 
interest for silicon industry since it can be used to optimize the useful part of the CZ crystal ingot.  
In the L-band the vacancy concentration is low, resulting in a slower growth of oxide particles which 
starts even at low temperatures, when compared to the P-band [46]. The nucleation then proceeds in a 
much wider range of concentration of vacancies giving rise to a band rich in small oxide particles with 
a density higher than 10
10
 cm
-3
, which can easily be dissolved at high temperature unlike the particles 
in P-band [64]. 
Finally, the H-band is a region with high concentration of vacancies when compared with that of P-
band. In this band, vacancies agglomerate into voids also starting at low temperature. Therefore, 
vacancy consumption is limited and the residual vacancies concentration leads to a similar oxygen 
clustering behavior as that in the L-band, but in this case both nucleated clusters and voids coexist [45, 
64]. 
4.3.3.4. Perfect zone 
 
As it is shown in Figure 24, a defect-free gap is formed between A/B-defects to D-defects regions in 
respect to V/G ratio. This region is also known as “perfect zone”, where interstitials and vacancies 
have low concentration to promote defect nucleation [64]. 
4.3.3.5. Effect of impurities on microdefect formation 
 
The formation of microdefects in CZ silicon crystals is affected by the presence of acceptor and donor 
impurities [66].  
Impurities affect the (V/G)cr, then the point defect incorporation, by changing the equilibrium 
concentrations of intrinsic point defects, trapping vacancies or self-interstitials.  Both are charged 
point defects in silicon and the charge state is dependent on the Fermi level position [67, 68].  
The equilibrium concentrations can be shifted due to Fermi level shift. When the concentration of a 
charged dopant is not much lower than the intrinsic electron concentration, the Fermi level will shift. 
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The equilibrium concentration of vacancies (negatively charged defects) will change in proportion to 
the electron concentration. For instant, donor dopants such as hydrogen, nitrogen and oxygen decrease 
the critical ratio V/G [68, 69, 70] expanding the vacancy region at the expense of the interstitial region. 
On the other hand, acceptor dopants such as boron and also carbon, increase the critical ratio V/G [70, 
71] expanding the interstitial region at the expense of the vacancy region [67]. 
5. Characterization techniques 
5.1. Preferential Etching 
 
Chemical etching is widely used on silicon to remove damage layers and smooth surfaces (polishing 
etching or planar etching) or to delineate microdefects (preferential etching or isotropic etching). The 
two different etching processes are illustrated in Figure 25.  
A typical isotropic etchant solution includes an oxidant, a dissolving agent (HF) and a diluent. In this 
case, silicon is oxidized by an oxidant followed by the dissolution of the oxide which is formed. 
Therefore, a typical etchant contains a strong oxidizing agent such as nitric acid (HNO3), and 
hydrofluoric acid (HF) as a dissolving agent [72]. 
The defect delineation process depends on silicon surface crystallographic orientation, type of dopant, 
dopant concentration and composition of etchant used. Thus, different chemical solutions such as 
Secco, Wright, Yang, Sopori, Dash, Sirtl, Shimmel, etc, are commonly used for silicon defect 
delineation. 
Since holes are required for the oxidation of silicon, for n-type material the surface etching is 
accentuated in the presence of light due to generation of electron-hole pairs. In contrast, the effect of 
chemical etching on p-type silicon surface is small. 
The reaction rate differs locally in the presence of inhomogeneities and defects, and the etch rate will 
equally varies. These variations will produce a non-planar etched surface that reflects the distribution 
of inhomogeneities and defects on the sample surface. The formation of a non-planar etched surface is 
mainly due to strain field associated to the presence of those defects. This strain field produces surface 
potential at the site of microdefects and in turn this causes a difference in the etching rate. The 
microdefects will thus be delineated as etch pits [73]. 
  
Figure 25 - Illustration of the processes of preferential etching and polishing etching, respectivley [72] – preferential 
etching delineates microdefects while polishing etching removes damage layers and smooth surfaces. 
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5.2. Lifetime Measurement Methods 
 
Lifetime measurement techniques rely on the creation and removal of an excitation to produce 
minority carriers. Concerning the way that an excess of carriers is created in the semiconductor, there 
are three different measurement modes: steady-state technique such infrared lifetime imaging (ILM) 
[74] quasi-steady-state techniques such as QSSPC [75] and CDI [76]; and transient techniques such as 
microwave detected photoconductance decay (MWPCD) [77].  
In the steady-state method, a constant illumination, i.e. constant generation rate, is maintained and the 
effective lifetime is determined from the balance between generation and recombination. For quasi-
steady-state techniques, the illumination intensity is slowly reduced to zero so that the sample remains 
in steady-state in terms of the recombination process. The transient techniques involve a sharp pulse of 
illumination which is quickly turned off and a subsequent determination of the excess carrier density is 
performed. In this case, if no current is flowing from the device, then the rate of carrier density change 
is equal to the recombination rate. The steady-state and QSS techniques are in principle measuring 
actual lifetime, whereas the transient technique is generally only measuring differential lifetime [78, 
79]. 
In this section, the PL technique, which was the only used in this thesis will be introduced. 
5.2.1. Photoluminescence Imaging (PL)  
 
This characterization technique is based on mapping photoluminescence (PL) intensity from silicon 
material. As a result, spatially resolved calibrated minority carrier lifetime and series resistance 
measurements are performed [80, 81]. 
In luminescence imaging of silicon samples, the entire sample area is excited by optical excitation 
using a laser and a beam expander.  The resulting variation in PL-emission is measured with a CCD-
camera resulting in a final image [80, 81].  
This technique detects band-to-band emission from the sample at room temperature, which has wide 
spectrum with a peak at about 1140 nm [81]. Thus, PL imaging results from radiative recombination 
of photogenerated charge carriers. The intensity of this band-to-band PL signal scales with the number 
of (photo-) excited minority charge carriers. The measurement is carried out during steady-state photo-
excitation and a spatial intensity variation across the sample is due to variations in recombination 
activity. In parallel, quasi-steady state photoconductance calibration measurement is performed to 
convert the PL intensity to absolute charge carrier density, to be possible to obtain quantitative lifetime 
measurements [80]. 
 
Recently, lifetime images were obtained by calibration with other lifetime measurement techniques 
such as infrared lifetime mapping/carrier density imaging (ILM/CDI) or by QSSPC measurements. 
However, the comparison for the calibration in these methods is done at different excitation conditions 
and therefore for different carrier density profiles, leading to significant systematic errors. More 
recently, a solution was proposed by integrating a QSSPC system into a PL imaging setup as 
demonstrated in Figure 26 [82].  
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The rate of radiative recombination     , and therefore the PL signal    , is proportional to the 
product of the electron and the hole carrier densities. For a p-type Si wafer of doping concentration 
  , a quadratic dependence on the excess carrier density    is expected for the PL signal: 
                      
      
 
(3) 
where   is the radiative recombination effect [82]. 
A major advantage of using PL imaging is the possibility to monitor the processing of solar cells at 
any stage of fabrication because no electrical contacts are required. However, general disadvantage of 
PL imaging compared to e.g. QSSPC technique is that the calibration of the measured signal into an 
absolute excess minority carrier concentration varies strongly from one sample to the next. This is 
mainly because the calibration depends on the sample geometry and on the doping concentration [84]. 
Another disadvantage is that this technique requires a separate calibration measurement to convert 
from PL intensity to carrier density and thus lifetime. Knowledge about samples reflectance and 
doping is necessary [80]. 
 
Figure 26 - Typical illustration of an experimental setup for photoconductance-calibrated photoluminescence lifetime 
imaging  - the entire sample area is excited by optical excitation.  The resulting variation in PL-emission is measured with a 
CCD-camera resulting in a final image [82]. 
5.3. Fourier-Transform Infrared Spectroscopy (FT-IR) 
 
This analytical technique measures the absorption of infrared light (IR) and provides specific 
information about bond concentration and other molecular structures.  
When the sample is exposed to IR radiation, chemical bonds which vibrate at specific frequencies will 
absorb the radiation at frequencies that match with those ones. As a result, a spectrum of radiation 
absorption as a function of frequency can be obtained. The resulting integrated peak area is 
proportional to bond concentration.  The peak sizes are a direct indication of the impurity 
concentration in the material [80]. 
As it is represented in Figure 27, a Fourier-transform (FT) spectrometer consists of an infrared light 
source, moving and stationary mirrors, a beam splitter and a detector. First, a beam splitter takes the 
incoming infrared beam and divides it into two optical beams. One beam is reflected to the moving 
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mirror and the other one to the stationary mirror. After, the two beams are reflected from their 
respective mirrors and recombined at the beam splitter and subsequently transmitted to the detector. 
During the sample analysis process, all frequencies are being measured simultaneously and the 
interference between the lights reflected from both mirrors generates an interferogram. This is a 
modulated radiation signal as a function of the displacement of the moving mirror. Then, this signal is 
transmitted to the detector which encodes the wavelength or wave number information from the source 
radiation. The quantification of bond concentration is performed using Fourier transformation [84, 85]. 
FTIR is commonly used for qualitative analysis, so for quantitative measurements, Beer-Lambert law 
is followed: 
       
      
 
(4) 
Where A is the absorbance, a is the absorptivity, b is the thickness or path length and c is the 
concentration. The thickness and absorptivity are constants, while the absorbance will be determined 
using FTIR. Thus, the impurity concentration is calculated [84]. 
It is very common to use this technique for determining interstitial oxygen (Oi) and substitutional 
carbon (Cs) concentration in silicon since they have specific absorption peaks at 1107cm
-1
 and 605cm
-
1
, respectively [80]. 
 
Figure 27 - Schematic of sample analysis process by FTIR [85] - the infrared light is collimated and directed to a beam 
splitter. The light is refracted towards towards the fixed mirror and transmitted to the moving mirror. All frequencies are 
being measured simultaneously and the interference between the lights reflected from both mirrors generates an 
interferogram. This signal is then transmitted to the detector which encodes the wavelength. The quantification of bond 
concentration is performed using Fourier transformation. 
5.4. Four point probe (FPP) 
 
The four point probe is used to measure the material resistivity by passing a current (I) between two 
outer probes and, simultaneously, measuring the voltage (UV) between two inner probes (see Figure 
30) [80]. 
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Figure 28 - Schematic of four point probe [86] – there are two electrodes which supply current and other two which 
measure voltage. 
The distance from any probe to the nearest edge is at least four times the probe spacing, which is 
normally equal to 0.635mm (namely d or s). For a thin sample with the thickness t below 5d, the 
resistivity is given by [64] 
 
        
      
 
 
      
 
(5) 
Where z is the thickness correction factor given by [64] 
 
  
 
  
       
        
 
      
 
(6) 
In the case of measuring the resistivity of a non-compensated semiconductor, that will reflect both the 
concentration of dopant and TD if they are present in the material.  
5.5. Light microscope  
 
In this technique a silicon sample surface is illuminated by ordinary illumination and a magnified 
picture is produced by the reflected light through the use of lenses. The presence of defects can be 
studied using the light microscope [81]. A simplified schematic drawing of the optical path of a light 
microscope is shown in Figure 29.  
The illumination from a light source is collimated by the condenser lens to form an image of the light 
source in the back focal plane of the objective lens, in order to illuminate the sample with near parallel 
light. The light scattered by the sample is captured by the objective lens and produces a magnified 
image of the sample in the image plane. This image is further magnified by the ocular or eye piece. A 
microscope contains several interchangeable objective lenses and that are used to magnification of e.g. 
between 2.5x and 100x. The ocular has a fixed magnification of e.g. 10x, and the total magnification is 
then between 25x and 1000x [81]. 
The system is also connected to a camera and a computer making it possible to take images by using 
appropriate software (ImageAccess easyLab 7 was the software used in this thesis work).  
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Figure 29 - Simplified schematic drawing of the optical path of  a ligh microscope in reflection mode [87] - the sample 
surface is illuminated and a magnified picture is produced by the reflected light through the use of lenses. 
6. Experimental details 
 
In this chapter, experimental details of this thesis work will be given. Prior to any kind of 
measurement, silicon as-grown samples require an appropriate preparation. Therefore, the first section 
will be about samples preparation. After this process step, it was possible to perform oxygen and 
resistivity measurements. The second section is then dedicated to this subject. In order to induce TDs 
annihilation, a rapid thermal process (RTP) oven was used, so there will also be a section about how 
the procedure was carried out. Subsequent to TDs dissolution, oxygen and resistivity measurements 
were performed again in order to calculate the TDs concentration. Finally, lifetime measurements 
were obtained. In parallel, samples were also prepared to delineate crystal defects in order to study 
them by using optical methods such as light microscope. Two sections about defect etching and light 
microscope observations will be also given in this chapter. A flow chart of the measurements 
performed is illustrated in Figure 30. 
 
Figure 30 – Flow chart of measurements performed in this thesis  
Samples preparation 
Interstitial oxygen and 
resistivity measurements 
Thermal donors (TDs) 
annihilation 
Interstitial oxygen (Oi) 
and resistivity 
measurements 
[TD] calculation 
Lifetime measurements 
Samples preparation 
Defects delineation 
FDPs density calculation 
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6.1. Samples 
 
For the purpose of this work, four n-type CZ silicon ingots with different tapered angle and 
shouldering area were characterized. A p-type CZ silicon ingot was also characterized in order to do 
some comparisons.  
The different crowns were grown with the same crystal pull speed, undercooling rate and heat power 
temperature reduction conditions until reaching a certain diameter before the shouldering step starts. In 
fact, these parameters change from ingot to ingot during the shouldering step, since it is the operator 
who controls the process. Therefore the growing time changes and, consequently, the transition area. 
The transition area and growing time for all CZ-Si samples investigated is given in Table 3. In 
addition, differences in the crowns shape, i.e., crown tapered angles, were found even if the crystal 
pull speed was kept constant in its formation. The crown tapered angle for all samples and the 
respective growing time are given in Table 4.   
Table 3 - Transition area (or shoulder area) and correspondent growing time for all samples under investigation. 
Sample Transition area (mm
2
) Growing time (min) 
C1N 2760 24 
C2N 1870 13 
C5N 3010 25 
C6N 3370 27 
C2P 1870 13 
 
Table 4 - Crown tapered angle and correspondent growing time for all samples under investigation 
Sample Tapered angle (°) Growing time (min) 
C1N 36.1 109 
C2N 33.7 101 
C5N 39.0 117 
C6N 36.3 109 
C2P 33.7 101 
 
Substantial differences between sample radius as a function of sample length can be observed, as 
illustrated in Figure 31. Those differences basically reflect fluctuations on the thermal history during 
the growth process. It could be explained by the existing difference on the melt temperature before the 
crown formation. Though, this subject is not the real motivation of this work.  
Differences on absolute lifetime between samples were observed, as illustrated with PL imaging in 
Figure 32. Not to mention the relationship between samples area (crown and shoulder), growing time 
and lifetime, represented in Figure 33. The higher the growing time, the higher is the sample area and 
also the lifetime. Also, the relationship between lifetime and crown tapered angle, represented in 
Figure 34. The crown with the higher tapered angle has also the higher lifetime. In contrast, the crown 
with the lower crown tapered angle has the lower lifetime.  
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Figure 31 - Sample diameter as a function of length for all samples investigated. 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 32 – Lifetime (µs)  measurements with PL imaging of the sample (a) C1N, (b) C2N, (c) C5N  and (d) C6N 
under as-grown conditions - The crown with the higher tapered angle (C5N) has also the higher lifetime. In contrast, the 
crown with the lower crown tapered angle (C2N) has the lower lifetime.  
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Figure 33 - Samples area and average lifetime as a function of the growing time (crown and shoulder). 
 
 
Figure 34 - Normalized average crown lifetime as a function of crown tapered angle – the relationship between lifetime 
and crown tapered angle is almost exponential.  
6.2. Sample preparation 
 
Sample preparation includes mechanical polishing, a cleaning process and chemical polishing (and the 
details are given in Figure 35).  
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Figure 35 - Schematic view of the samples preparation steps 
Silicon as-cut samples require a mechanical polishing step before being cleaned and chemical 
polished, in order to remove surface sawing damages and to obtain a mirror-like surface effect. For 
this purpose, an automatic polishing machine was used with a first step of SiC paper 1200 grit and 
thereafter with a set of three cloths with different grain size. Each different cloth requires a specific 
time. In this thesis work, the set of cloths used was: 9m (4min + 3 min), 3m (4 min + 3 min) and 
1m (3 min + 3 min). 
Subsequent to mechanical polishing, the removal of particles and impurities from the sample surface 
needs to be performed. Thus, the standard cleaning method (RCA) was used and three steps were 
performed: removal of organic contaminants (RCA-1), oxide removal followed by removal of metallic 
contaminants (RCA-2). The RCA-1 solution contains ammonium hydroxide (NH4OH) with 28% of 
concentration, hydrogen peroxide (H2O2) with 30% of concentration and deionized water (DI water), 
in a ratio of 1:1:5. The samples were immersed in this solution, which was heated until 75-80ºC, for 10 
min, followed by a rinse in DI water. The oxide formed by this step is subsequently removed in a 
hydrofluoridric acid (HF) solution with 5% of concentration, followed again by a rinse in DI water. 
The RCA-2 solution contains hydrogen chloride (HCl) with 27% of concentration, hydrogen peroxide 
(H2O2) with 30% of concentration and deionized water (DI water), in a ratio of 1:1:6. The samples 
were immersed in this solution, which was heated until 75-80ºC, for 10 min, followed by a rinse in DI 
water. 
Finally, after the cleaning process the samples are chemical polished in order to remove a few layers 
of material to eliminate remain contaminants. The chemical polishing solution used was the CP142 
which includes HF with a concentration of 48%, nitric acid (HNO3) with a concentration of 65% and 
acetic acid (CH3COOH) with a concentration of 100%, in a ratio of 1:4:2. A schematic of the cleaning 
process and chemical polishing is represented in Figure 36. 
As-grown samples 
Mechanical 
polishing 
 
SiC + Set of 
cloths: 
9m, 3m,1m 
 
Cleaning  
RCA 1 
HF 
RCA 2 
Chemical polishing 
CP142 
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Figure 36 - Cleaning process steps and following sample chemical polishing. 
6.3. Oxygen and resistivity measurements procedure 
 
Interstitial oxygen and resistivity were measured using FTIR and four-point probe techniques, 
respectively. Both interstitial oxygen and resistivity measurements followed the same procedure. Six 
vertical lines with different distance between each other were followed. For each line, the 
measurements were carried out with 2mm of resolution. However, in the case of resistivity 
measurements the distance from any probe to the nearest edge is at least four times the probe spacing 
[89] so there is less number of points comparing to that of oxygen measurements. Since the 
measurement procedure was the same for all samples and the distance between measurement lines was 
the same ratio between each line radius and sample radius, it is possible to compare the outcomes 
between samples. An illustration about oxygen and resistivity measurements procedure is represented 
in Figure 37. 
 
Figure 37 - Illustration about oxygen and resistivity measurements procedure - Six vertical lines followed. For each line, 
the measurements were carried out with 2mm of resolution. 
RCA 1 
•NH4OH(28%):H2O2(30%):H2O 
• [1:1:5] 
•75-80ºC for 10 min 
HF 
•HF 5% 
•Dipping for 2 min 
RCA 2 
•HCl(27%):H2O2(30%):H2O 
• [1:1:6] 
•75-80ºC for 10 min 
CP 
•HF(48%):HNO3(65%):CH3COOH(100%) 
• [1:4:2] 
•Room temperature for 3-5 min 
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6.4. Rapid Thermal Process (RTP) oven 
 
In order to proceed with TDs annihilation, a rapid thermal process (RTP) oven was used. First, a 
cleaning step was performed, since it is necessary to have a very clean environment inside the oven, 
free of possible remained contaminants from other experiments which were carried out before.  The 
cleaning steps are shown in Table 5. First, for 6 minutes the oven is at 25ºC. Then, the temperature 
increases with a ramping rate of 7ºC/s until 200ºC, where it stays for 30 seconds in order to prevent a 
thermal shock in the lamps. After, the temperature increases again with a ramping rate of 50ºC/s until 
800ºC, where it remains for 5 minutes. Finally, the system cools down with a cooling rate of 1ºC/s 
until it reaches 25ºC again. 
Thus, after the cleaning step the sample is introduced inside the oven. The sample is placed on the top 
of a p-type Si carrier which is just one-side polished. A thermocouple is attached to the Si carrier in 
order to control the sample temperature during the experiment. The TD annealing steps are shown in 
Table 6. First, for 2 minutes the oven is at 25ºC. Then, the temperature increases with a ramping rate 
of 5ºC/s until 150ºC. Immediately after, the temperature increases again with a ramping rate of 50ºC/s 
until 800ºC, where it stays for 15 seconds. In fact, an annealing at 800ºC for 10s [89] is enough to 
dissolve the TDs, still 5 seconds were added to the total time as an “error coefficient” to be sure that 
the sample would not be subject to this temperature for less than 10s. Finally, the system cools down 
with a cooling rate of 1ºC/s until it reaches 25ºC again.  
Table 5 - RTP oven cleaning steps 
Step 1 2 3 4 5 6 7 8 9 10 11 12 
Temperature (ºC) 25 25 25 25 25 25 200 200 800 800 25 25 
Time (s) 60 60 60 60 60 60 30 30 16 300 26 120 
N2 (sccm)     500  500 500 500 500 500 500 
Close primary vacuum 
valve 
            
Open purge valve    yes  yes       
 
Table 6 - Thermal donor annihilation steps using a RTP oven 
Step 1 2 3 4 5 6 7 8 9 
Temperature (ºC) 25 25 25 25 150 800 800 25 25 
Time (s) 30 30 30 30 30 16 15 25 300 
N2 (sccm)     500 500 500   
Close primary vacuum valve yes  yes  yes yes yes  yes 
Open purge valve yes  yes      yes 
 
6.5. Defect etching 
 
As it was mentioned in the section about Preferential Etching, several etchings can be used to 
delineate crystal defects in order to study them by using optical methods such as light microscope. 
Prior to defect etching, the samples were polished and cleaned. In order to delineate FPDs, Secco 
etching was performed. Its composition includes HF with a concentration of 48%,  potassium 
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dichromate (K2Cr2O7) and DI water in a ratio of HF:H2O = 2:1 where 44 g K2Cr2O7 are first dissolved 
in 1 liter of DI water. The samples are then immersed in the solution for 30 min without agitation. 
Etch pits on all crystallographic planes are developed. 
Since this etchant contain Chromium, it will contaminate the samples which turn to be not useful 
anymore after defects observations on light microscope, except for FTIR measurements. 
6.6. Light microscope observations 
 
Light microscope observations followed the same measurement procedure of oxygen and resistivity. 
Six vertical lines with different distance between each other were followed. The sample was placed in 
a moving stage and the measurements were performed with both 1mm and 2mm of resolution to verify 
which resolution could be better for further measurements. During this work, the light microscope 
model used was Leica MEF4M. 
6.7. Lifetime measurements 
 
In order to obtain sample lifetime measurements after TDs dissolution, samples were first etched for 
90 seconds in a CP5 solution and cleaned using Piranha and HF. Then, samples were double-side 
passivated in a PECVD chamber with a-Si: H and annealed for 1 min at 450 °C. Lifetime was 
measured with Photoluminescence. Both processes were performed in IFE (Institute for Energy 
Technology at Kjeller in Norway).  
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7. Results  
 
CZ-Si samples were characterized in terms of lifetime, resistivity, interstitial oxygen and TDs 
concentration. FPDs were counted and the defects nature evaluated by light microscope observations. 
In this chapter, all the results will be given. 
7.1. Flow pattern defects (FPD) calculation method 
 
In Figure 38, light microscope images show the FPD which were delineated by using Secco etching. In 
Figure 38 (a), the FPD density calculation method is illustrated and this just takes into account the 
presence of D-defects. In Figure 38 (b), an illustration of the D-defect, FPD and shallow pits (SP) is 
shown. 
 
(a) 
 
(b) 
Figure 38 – Light microscope images (a) The FPD density calculation method with 50x magnification and (b) 
Ilustration of D-defect , FPD and shallow pits (SP) with 100x magnification. 
 
Shallow pits (SP) 
D-defect 
FPD 
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7.2. Light microscope sensibility test 
 
In Figures 39 and 40, a light microscope sensibility test is shown. That was performed for the first 
vertical line with 50x and 100x of magnification to determine which resolution would be better suited 
for further measurements. Significant variation in FPD density is evident between different 
magnifications. Two possible reasons are related to the manual sample movement and non-intentional 
plate movements, which is illustrated in Figure 41. Note that the horizontal axis represents the 
normalized sample length in relation to the shoulder starting point. 
 
Figure 39 – FPD distribution for Line 1 of sample C5N following two different resolutions 
 
Figure 40 – FPD distribution for Line 1 of sample C6N following two different resolutions 
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(a) 
 
(b) 
Figure 41 – Example of the possible FPD counting repetition due to manual sample movement. 
7.3. FPD density and P-band position 
 
In Figures 42 and 43, FPD density along the first line measured as a function of sample length for all 
samples is illustrated. The respective P-band position is also represented. In Figure 42, C5N shows a 
higher FPD density in V-region compared to C2N and a higher drop on FPD density is observed for 
the first one when the early body starts. In Figure 43, C1N shows higher FPD density in V-region but 
the sample C6N reaches a higher peak followed also by a higher drop in the beginning of the early 
body. 
 
Figure 42 - FPD density along the first line measured (ingot center) as a function of sample length of samples C2N and 
C5N, with 2 mm of resolution. The respective P-band position is also represented. 
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Figure 43 - FPD density along the first line measured (ingot center) as a function of sample length of samples C1N and 
C6N, with 2 mm of resolution. The respective P-band position is also represented. 
Light microscope pictures from different regions, before and after transition, are illustrated in Figure 
44 and 45, respectively. Before transition no defects are found or they density is too low. After 
transition, C2N shows the lower FPD density and C5N the higher. Comparing C1N with C6N, for a 
similar sample length, the FPD density is coincidently similar. 
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 44 - Light microscope pictures before transition for (a) C1N, (b) C2N, (c) C5N and (d) C6N. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 45 - Light microscope pictures after transition for (a) C1N with 733 FPD/cm2  , (b) C2N with 557 FPDs/cm2 , 
(c) C5N with 704 FPD/cm2 and (d) C6N with 733 FPD/cm2. 
7.4. Oxygen measurements in as-grown conditions 
 
In Figure 36, interstitial oxygen measurements along six vertical lines as a function of the sample 
length are illustrated for all samples. Generally, the oxygen concentration decreases from the ingot 
center towards the edge, where line 1 represents the closest line to the center and line 6 the closest line 
to the edge. The maximum concentration is obtained when the sample diameter is also at its 
maximum. 
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(a) (b) 
  
(c) (d) 
 
Figure 46- Interstitial oxygen measurements along six vertical lines as a function of the sample length for (a) C1N, (b) 
C2N, (c), C5N and (d) C6N in as-grown conditions. 
In Figure 47, interstitial oxygen measurements along the first vertical line as a function of the sample 
length for all samples in as-grown conditions are shown. The interstitial oxygen distribution increase 
along this part of ingot until it reaches a maximum point followed by its discrete decreasing. In the 
crown region, C2N has higher oxygen concentration compared to C5N. The samples C1N and C6N 
represent the middle situation. In Figure 48, the same is illustrated, but just for the early body region. 
The sample C2N has a lower decreasing rate of the oxygen concentration when compared to that of 
C5N and C6N.  
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Figure 47 – Interstitial oxygen measurements along the first vertical line (ingot center) as a function of the sample 
length, for all samples in as-grown conditions . 
 
 
Figure 48 - Interstitial oxygen measurements along the first line (ingot center) of the early body as a function of the 
sample length, for all samples in as-grownconditons. 
In Figures 49 and 50, interstitial oxygen and resistivity measurements as a function of the sample 
radius are shown for C2N and C5N, respectively. Here, the focus remains on the curves deflection of, 
which is more significant in the crown region due to growth process instabilities.  
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Figure 49 - Interstitial oxygen and resistivity measurements as a function of the sample radius for C2N in as-grown 
conditions. 
 
 
Figure 50 - Interstitial oxygen and resistivity measurements as a function of the sample radius for C5N in as-grown 
conditions. 
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7.5. Thermal donors (TDs) dissolution 
 
In Figure 51, interstitial oxygen measurements along the first vertical line as a function of the sample 
length for all samples after TDs annihilation, is shown. The difference between oxygen concentration 
before and after TD annealing is small and not so easily observable. In Figure 52, the same is 
illustrated but only for the early body region, where a small increase in interstitial oxygen 
concentration for all samples as a result of TD dissolution is shown. 
 
Figure 51 - Interstitial oxygen measurements along the first vertical line (ingot center) as a function of the sample 
length, for all samples after TDs annihilation. 
 
Figure 52 - Interstitial oxygen measurements along the first line (ingot center) of the early body as a function of the 
sample length, for all samples after TD annealing. 
Figures 53 and 54 illustrate resistivity measurements along the first vertical line as a function of the 
sample length, for all samples before and after TD annealing, respectively. In Figure 53, resistivity 
decreases along the sample length. In this case, the resistivity is determined by dopant and TD 
concentration. In Figure 54, resistivity remains constant along the sample length, since it is determined 
only by the dopant concentration. 
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Figure 53 - Resistivity measurements along the first vertical line (ingot center) as a function of the sample length, for 
all samples before TDs annihilation. 
 
Figure 54 - Resistivity measurements along the first vertical line (ingot center) as a function of the sample length, for 
all samples after TDs annihilation. 
In Figure 55, the resistivity difference between before and after TDs annihilation  for all samples along 
the first vertical line as a function of the sample length is illustrated. The resistivity variation can 
represent TD distribution.  
In Figure 56, the average difference in resistivity between before and after TD annealing for the whole 
samples area is illustrated. The sample C2N reveals the higher resistivity variation and the sample 
C5N shows the lower. The samples C1N and C6N show similar values. 
In Figure 57, lifetime measurements with PL imaging of the samples C2N and C5N after TD 
annealing are represented. After transition, C5N still shows a higher lifetime. 
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Figure 55 – Resistivity difference between before and after TDs annihilation  for all samples along the first vertical 
line (ingot center) as a function of the sample length. 
 
Figure 56 - Average difference in resistivity between before and after TDs annihilation for the whole samples area. 
 
(a) 
 
(b) 
Figure 57 - Lifetime (µs)  measurements with PL imaging of the sample (a) C2N and (b) C5N, after TD annealing. 
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7.6. Comparison between n- and p-type materials 
 
In Figure 58, the sample radius as a function of length for C2N and C2P is illustrated. The sample 
shape and also growing conditions are similar; then a comparison between both is possible to 
establish. 
 
Figure 58 - Sample radius as a function of length for C2N and C2P. 
7.6.1. Oxygen and resistivity measurements in as-grown conditions 
 
Figures 59, 60 and 61 show the FPD density along the first, third and sixth vertical lines as a function 
of sample length for both samples C2P and C2N. In Figure 59, the respective P-band is also 
represented. In Figure 59, the FPD density for C2P seems to be lower than that for C2N.  In Figure 60, 
similar FPD density curves are shown but with a small shift. In Figure 61, FPD density for C2P shows 
to be lower than that for C2N once again. It is also noted that the samples do not have the same length. 
Figure 62 shows the interstitial oxygen measurements along the first line for both samples C2N and 
C2P before TDs annihilation. The oxygen concentration is just slightly different in the beginning due 
to the presence of striations which are related to an unstable melt. 
Figure 63 illustrates both resistivity and interstitial oxygen measurements along the first line for 
sample C2N before TDs annihilation. The sample C2N starts with a higher resistivity and then it 
decreases as a function of sample length. Figure 64 shows the same information but in relation to the 
sample C2P. The sample C2P starts with a lower resistivity and increases with the sample length. 
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Figure 59 - FPD density along the first line measured (ingot center) as a function of sample length of samples C2P and 
C2N, with 2 mm of resolution. The respective P-band position is also represented. 
 
Figure 60 -  FPD density along the third line measured as a function of sample length of samples C2P and C2N, with 2 
mm of resolution. 
 
Figure 61 -  FPD density along the fifth line measured as a function of sample length of samples C2P and C2N, with 2 
mm of resolution. 
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Figure 62 - Interstitial oxygen measurements along the first line (ingot center) for both samples C2N and C2P., before 
TDs annihilation. 
 
Figure 63 - Resistivity and interstitial oxygen measurements along the first line (ingot center) for sample C2N, before 
TDs annihilation. 
 
Figure 64 - Resistivity and interstitial oxygen measurements along the first line (ingot center) for sample C2P, before 
TDs annihilation. 
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7.6.2. Thermal donors (TD) dissolution 
 
In Figure 65, both resistivity and interstitial oxygen measurements along the first line for sample C2N 
after TDs annihilation are illustrated. After TDs dissolution, the final resistivity is determined by 
dopant concentration alone. The sample C2N has the lower dopant concentration (see Figure 67) and 
the higher resistivity. In Figure 66, the same information is given but for the sample C2P. The sample 
C2P has a higher dopant concentration and the lower resistivity. 
 
Figure 65 - Resistivity and interstitial oxygen measurements along the first line (ingot center) for sample C2N, after 
TDs annihilation. 
 
Figure 66 - Resistivity and interstitial oxygen measurements along the first line (ingot center) for sample C2P, after 
TDs annihilation. 
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Figure 67 - Dopant concentration for the average resistivity for the whole samples area, after TDs annihilation. 
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8. Discussion 
 
The FPD are delineated by using Secco etching and they can be easily recognized under light 
microscope by the wedge-shaped etch pattern. Etch pits without flow patterns are also observed and 
they are not related to D-defects but to other crystallographic defects. Therefore, the FPD density 
calculation just takes into account the presence of the wedge-shaped etch pattern, as well the presence 
of D-defects, as illustrated in Figure 38. 
A light microscope sensibility test was performed for the first vertical line with 50x and 100x of 
magnification to determine which resolution would be better suited for further measurements. These 
observations were carried out for samples C5N and C6N and the final conclusion is the same. As 
illustrated in both Figures 39 and 40, it is possible to verify a similar FPD distribution trend.  
However, a significant variation in its density is evident between different magnifications. Two 
possible reasons are related to the manual sample movement and non-intentional plate movements. 
When this happens, a significant error is introduced during the defect counting since some defects can 
be counted twice, as illustrated in Figure 41. Furthermore, the FPD density that was measured using 
100x magnification were more unstable compared to the measurements that were made using 50x 
magnification. For this reason, 50x magnification was chosen for further measurements. The 
calculation method consists on counting the D-defects of each picture which is then divided for the 
picture area. 
The normalization was performed in relation to the shoulder end since all samples were not grown and 
cut with the same length. Still, all samples have at least 20 mm of length after the shoulder. 
According to Voronkov’s theory, the dominant microdefect type of the grown CZ silicon crystal is 
vacancy or interstitial defects. Their formation is determined by the V/G ratio, where V is the growth 
rate and G is the axial temperature gradient near the solid-liquid interface of the crystal. 
For V/G above the critical value, vacancies are incorporated. During the cooling, these microdefects 
tend to agglomerate, forming larger voids. When V/G is slightly larger than the critical ratio (thus low 
vacancy concentration), extended defects, such as vacancy-oxygen and oxygen precipitates, are 
produced instead of vacancy agglomeration. For this reason, the main vacancy-containing region of a 
crystal, i.e., where voids are generated, is surrounded with a narrow marginal band containing oxide 
particles, the P-band.  
These voids, formed by agglomerates of vacancies, have the designation of FPD if they are 
characterized by light microscope, which is the case. The FPD density was determined for all samples. 
Figure 42 shows the FPD density for samples C2N and C5N.  Figure 43 shows the FPD density for 
samples C1N and C6N. P-band for each sample is also illustrated. Samples were grouped for the 
purpose of future comparisons.  
Defect regions, such as I-region and V-region, can be defined since it was found that the defect density 
was different in different areas. Lower FPD density can be found in the interstitial region when 
compared to the vacancy region, as predicted by Voronkov’s theory. Still, vacancies can be found in I-
region due to fluctuations on interface. 
In Figure 42, C5N shows a higher FPD density in V-region compared to C2N. In fact, C5N has a 
longer transition area (see Table 3) when compared to C2N. A longer transition time indicates a lower 
cooling rate at the crystal-melt interface. Longer growing time leads to a longer time for the vacancies 
agglomerate. On the other hand, C2N took less time to form the transition area (Table 3), which also 
means that a higher cooling rate was achieved. As a result, vacancy agglomeration rate is lower and, 
consequently, the FPD density is also lower. Nevertheless, a higher drop of FPD density is observed 
for C5N in the beginning of the early body. 
Concerning C1N and C6N (Figure 43), the latter has the longest transition time, hence the lowest 
cooling rate which leads to a longer time to form voids. C1N starts to have higher FPD density in the 
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V-region but then the sample C6N reaches a higher peak followed also by a higher drop in the 
beginning of the early body.  
The most compelling evidence is the relation between transition time (shoulder growing time) with the 
formation of voids in V-region and its density in the early body region. Longer transition times are 
associated with a lower cooling rate and higher void density followed by its decrease on early body 
region. Furthermore, the crown tapered angle also affects the FPD density. The results show that C5N 
has a higher crown tapered angle compared to C2N and the FPD density curve starts earlier than that 
for C2N. On the other hand, C1N and C6N have similar crown tapered angle and both density curves 
starts approximately at the same position.  
Equally relevant, looking to the I-region, FPD density oscillations are visible and are larger for C6N 
then C5N, C1N and C2N. Ignoring the sample C6N, the sample order above corresponds also to the 
lifetime sequence, i.e., C5N as the higher lifetime and C2N the lower lifetime. C1N represents the 
middle situation. The sample C6N has more density oscillations due to growth process fluctuations 
which are not discussed in this work. It is clear that the crystal growth process as a significant 
influence on the material quality from the start. 
Light microscope pictures from different regions, before and after transition, are illustrated in Figures 
44 and 45, respectively. In general, before transition no defects are found or they density is too low. 
After transition, FPD density is different for each sample. Comparing C2N with C5N, it was found 
that the FPD density was lower for C2N. The FPD densities were 557 FPD/cm
2
 and 704 FPD/cm
2
, 
respectively.  Also, comparing C1N with C6N, for a similar sample length, the FPD density is 
coincidently similar, around 733 FPD/cm
2
, but that does not happen for all V-region for the reasons 
already mentioned before. 
The P-band starts when the pull speed is quickly raised, where the transition area begins, and ends 
where transition also ends. Since thermal gradient increases with the distance from the ingot center to 
the edge, V/G ratio decreases as a function of ingot radius and the P-band as a deflected shape. The P-
band can be visualized in Figures 42 and 43. The P-band position was based on PL images (Figure 32) 
as a very narrow dark blue region in the sample center which indicates the region with lower lifetime. 
The incorporation of oxygen in the melt results from the gradual dissolution of the silica crucible 
walls. Since SiO is very volatile, most of the oxygen evaporates from the melt surface, but a small part 
remains in the melt which is then incorporated into the silicon crystal through the crystal-melt 
interface.  
Lin and Benson [27] recognized that the relationship between oxygen concentration and available melt 
surface is not linear. The oxygen evaporation and, consequently, the oxygen concentration in the 
crystal, depend on the sample diameter variation. When the crystal reaches the desirable diameter and 
the melt is almost covered, the evaporation seems to remain nearly constant and the oxygen 
concentration in the crystal is linear along the fraction solidified. 
In Figure 46, interstitial oxygen measurements along six vertical lines as a function of the sample 
length are illustrated for the four main samples characterized. Note that the horizontal axis represents 
the normalized sample length in relation to the shoulder end. In this Figure, the oxygen concentration 
decreases from the ingot center towards the edge, where line 1 represents the closest line to the center 
and line 6 the closest line to the edge. There are some differences concerning to the oxygen 
distribution, especially when its maximum concentration is achieved. For all situations, this maximum 
concentration is obtained when the sample diameter is also at its maximum. However, this maximum 
concentration point is not the same for all ingots. In fact, the crown tapered angle has a clear influence 
in this matter. Comparing C2N with C5N, the maximum concentration point of the first one is located 
quite after the transition started. On the other hand, C5N shows a maximum concentration point before 
the transition begins. Another key point lies in the fact that the maximum concentration point for C1N 
and C6N are similar, and as have already been mentioned, these ingots have similar crown tapered 
angles. For this reason, it is possible to say that this maximum concentration point of interstitial 
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oxygen is influenced by the crown shape, moving up (neck direction) with the crown tapered angle 
increasing, and moving down with the crown tapered angle decreasing. 
In Figure 47, interstitial oxygen measurements along the first line as a function of the sample length 
are illustrated for the four main samples. The interstitial oxygen distribution increase along this part of 
ingot until it reaches a maximum point followed by its discrete decreasing. In the crown region, C2N 
has higher oxygen concentration compared to C5N. Concerning to C1N and C6N, these are always a 
middle situation.  After transition, the same situation is observed. In Figure 48, the same information is 
given, but the focus remains on the crystal region after transition, the early body. If the growth 
conditions are kept similar among ingots, it is possible to predict the final crystal quality. In the early 
body region, C2N has de higher oxygen concentration and its decreasing rate is lower than that for 
C5N and C6N. This means that its crystal body is likely to have a higher oxygen concentration 
compared to the other ones. In contrast, the ingot C5N shows the lower oxygen concentration in this 
region and its decreasing rate is also higher, which means that this top ingot will probably have a 
higher quality when compared to the other top ingots. 
In Figures 49 and 50, interstitial oxygen and resistivity measurements as a function of the sample 
radius are shown for C2N and C5N, respectively. Here, the important aspect is the deflection of the 
curves. Since G often increases significantly from the crystal-melt interface center to the periphery, the 
radial cross section of the crystal shows a distinct deflection of D-defect distribution. This deflection is 
more significant before transition, i.e, crown region, since the crystal growth process is very instable 
in that part even with low crystallization rates. This situation is similar for the other ingots, C1N and 
C6N.  
Given these points, a strong connection between the crown tapered angle and oxygen concentration 
and distribution can be established. For a higher crown tapered angle, longer is the growing time 
(lower the cooling rate) and higher the oxygen evaporation. The maximum concentration point is also 
reached before the transition starts, which can be consequently related to the P-band position. Having 
lower oxygen concentration in the early body may indicate a lower oxygen concentration in the crystal 
body. 
Interstitial oxygen is electrically inactive in the form that is incorporated, thus it does not have 
influence on the lifetime. Though, depending on the thermal history during the crystal cooling, 
different stages of oxygen agglomeration can be observed: thermal donors (TDs). For this reason, 
interstitial oxygen incorporation is an important factor during all crystal growth process. 
Upon temperatures around 450ºC, electrically active oxygen agglomerates are generated from the 
presence of interstitial oxygen. All the silicon crystals experience this temperature range during the 
cooling process from the melt temperature to room temperature, when oxygen becomes supersaturated 
and may precipitate. Fortunately, TDs can be eliminated by a heat treatment around 800ºC. For this 
reason, all samples were subject to an annealing treatment around this temperature for 10s, which is 
enough to dissolve TDs [88]. It is known that carbon is another important impurity incorporated into 
the melt during the crystal growth process which has influence on TD generation and on oxygen 
precipitation. However, its concentration was always bellow 0.5 ppma which had not significant 
influence. 
A rapid thermal process (RTP) oven was used for this purpose. First, a cleaning step was performed, 
since it is necessary to have a very clean environment inside the oven, free of contaminants from early 
experiments.  The cleaning steps are shown in Table 5. After the cleaning step, the sample was 
introduced inside the oven. The TD annealing steps are shown in Table 6. 
In Figure 51, interstitial oxygen measurements along the first vertical line as a function of the sample 
length for all samples, after TD annealing, are illustrated. The difference between oxygen 
concentration before and after TD annealing was small and not so easily observable. Despite small 
differences on interstitial oxygen concentration, significant differences on TD formation were verified, 
since their concentration has a linear relationship with interstitial oxygen concentration, being 
proportional to the fourth power of the latter [34]. In Figure 52, the same information is given only for 
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the early body length. Similarities with Figure 47 are shown. As a matter of fact, it is possible to verify 
the small increase in interstitial oxygen concentration for all samples as a result of TD dissolution. 
Once again, C2N has the higher oxygen concentration and its decreasing rate is also the lower one. 
Under those circumstances, its crystal body probably will have a higher oxygen concentration 
compared to the other ones, as mentioned before. On the contrary, the ingot C5N shows again the 
lower oxygen concentration in this region and its crystal body probably will have higher quality.  
Since TDs are electrically active, they will have also an influence on material resistivity. Figures 53 
and 54 illustrate resistivity measurements along the first vertical line as a function of the sample 
length, for all samples before and after TD annealing, respectively. Also, in Figure 55, the resistivity 
difference between before and after TD annealing is represented, which can also represent its 
distribution. Before TD annealing, resistivity decreases along the sample length, whereas after TD 
annealing, resistivity remains constant along the sample length. Since the incorporation of interstitial 
oxygen in the growing crystal will change according to diameter variations, these results are according 
to the expected. It is clear that TDs concentration and distribution has a strong influence on the 
material, especially for C2N which has the higher resistivity variation. The sample C2N has the higher 
cooling rate which means a higher oxygen incorporation during the process. Note that, after TDs 
dissolution, the final resistivity is determined only by dopant concentration alone. 
In Figure 56, the average difference in resistivity between before and after TD annealing for the whole 
samples area is illustrated. The sample C2N reveals the higher resistivity variation between before and 
after TDs dissolution. In contrast, the sample C5N shows the lower resistivity variation. The samples 
C1N and C6N show similar outcomes and represent the middle situation when compared to the other 
two. These results are according to what was discussed before. 
In Figure 57, lifetime measurements with PL imaging of the samples C2N and C5N after TD 
annealing are illustrated. It is interesting how opposite the pictures are in terms of color, i.e., in terms 
of lifetime distribution. Before transition, C5N reveals a lower lifetime than that for C2N. Still, after 
transition, C5N shows a higher lifetime and, consequently, higher material quality.  Actually, the 
lifetime after TD annihilation for C2N was not the expected since that should be similar to C5N in V-
region. Thus, lifetime is influenced not just by the presence of TD but also by other oxygen 
precipitates which were formed during its thermal history due to the cooling rate. 
It is known that the crown region is not of interest for semiconductor material industry. For this 
reason, a higher quality is expected and desired in the early body and subsequent crystal body. Still, if 
we understand the role of oxygen in the crown region, it will be possible to control it and possibly 
reduce the area of the early body, thus reduce the amount of material that is discharged before 
wafering. Under those circumstances, ingot growth conditions of C5N would be chosen over the other 
three.  
The formation of microdefects in CZ silicon crystals is affected by the presence of acceptor and donor 
impurities. In this work, also a comparison between n- and p-type materials was made. In Figure 58, 
the sample radius as a function of length for C2N and C2P is illustrated. The sample shape and also 
growing conditions are similar; therefore a comparison between both is possible to proceed with.  
Figures 59, 60 and 61 give the FPD density along the first, third and sixth vertical lines as a function 
of sample length for both samples C2P and C2N. In Figure 59, the respective P-band is also shown. 
For the first and fifth lines measured, FPD density for C2P seems lower than that for C2N. However, 
the same does not happen for the third line measured, when similar FPD density curves are shown but 
with a small shift.  
It is known that concentration of voids decrease in p-type, and increase in n-type, when dopant 
concentration is higher than about 11019 atoms/cm3 [90]. However, the dopant concentrations that 
were found are about 2.351014atoms/cm3 for C2N and 6.291015atoms/cm3 for C2P [91]. Both are 
significantly below that limit, therefore the concentration of voids should be similar as it is for the 
third line measured. In the first line measured, the sample C2N has more length of early body than 
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C2P and the last FPD density points for C2P shows a trend to increase. So probably, the FPD density 
curve for C2P reaches similar values to C2N. The same happens for the fifth line measured.  
In Figure 62, interstitial oxygen measurements along the first line for both samples C2N and C2P, 
before TD annealing, are illustrated. The oxygen concentration is slightly different in the beginning 
due to the presence of striations which are related to an unstable melt. However, both curves are 
supposed to be similar and they actually are from some point, when the growth process is more stable. 
In Figures 63 and 64, resistivity and interstitial oxygen measurements along the first line for sample 
C2N and C2P, respectively, in as-grown conditions are illustrated.  In contrast to interstitial oxygen 
concentration curves, resistivity curves have different behavior when both are compared. The sample 
C2N starts with a higher resistivity and then it decreases as a function of sample length. On the 
contrary, the sample C2P starts with a lower resistivity and increases with the sample length. Since the 
dopant is an important factor which influence the TD generation, this situation can be related to that.  
For n-type material, the dopant is phosphorus which is a donor while in p-type material, the dopant is 
boron. The interaction between different type of dopants and thermal donors could have an influence 
on the electrical properties of the material. 
Notes that the boron concentration is much higher than that for phosphorus and this can also have 
influence on this situation. Both resistivity curves represent this behavior. After TD dissolution, both 
resistivity curves are constant but with different values. A lower resistivity was expected for n-type 
material. This can be related to the dopant volatility. For instance, phosphorus is a more volatile 
compound than boron; most of it evaporates due to the high temperature of the melt. On the other 
hand, boron is distributed according to its segregation coefficient. 
In Figures 65 and 66, resistivity and interstitial oxygen measurements along the first line for samples 
C2N and C2P, after TD annealing, are illustrated. After TDs dissolution, the final resistivity is 
determined by dopant concentration alone, and it is shown that C2P has a higher concentration (see 
also Figure 67). 
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9. Conclusions 
 
The lifetime variations between different samples and the relationship between lifetime and the total 
area, where the crown tapered angle play a key role, were observed. The crown with the higher tapered 
angle has shown the higher lifetime while the lower crown tapered angle has the lower lifetime. Thus, 
the motivation of this work was to understand the role of oxygen on high defects density regions and 
its influence on lifetime. The early crystal body was also object of this study. 
All samples were characterized in terms of lifetime, resistivity, interstitial oxygen and TD 
concentration and distribution. FPD density was determined and the defects nature evaluated by light 
microscope observations. Samples passivation and lifetime measurements were performed at IFE. 
A strong correlation between the crown tapered angle and oxygen concentration and distribution was 
established. Higher crown tapered angle corresponds to longer growing time (lower cooling rate) and 
higher oxygen evaporation. Since the melt temperature is higher in the beginning of the crystal 
growth, as well as the free melt surface area, the oxygen evaporation will be higher.  
A relation between transition time with the voids formation in V-region and its density in the early 
body region was established. A higher void density is achieved for longer transition times, since the 
crystal is at higher velocities for a longer time and there is more time for vacancies to agglomerate, 
and a subsequently FPD density increasing is verified.  
The P-band deflection is related to the ingot thermal history. The P-band slope is higher for higher 
crown tapered angles. Therefore, the possibility of the presence of oxide particles in the wafers from 
the top is higher for a P-band less deflected. The P-band follows approximately the crown shape. 
Lower oxygen concentration in the early body can also indicate a lower oxygen concentration in the 
crystal body, if the crystal growth conditions are kept similar. In fact, when increasing the growth rate, 
the crystal diameter decreases, the free melt surface area increases and, consequently, the oxygen 
evaporation increases. Therefore, the quality of the top ingot significantly depends on the free melt 
surface area, on the oxygen dissolution from the crucible and on the heater temperature.  
Interstitial oxygen is an important factor during the crystal growth process not due to the form as it is 
incorporated into the crystal, but due to the different stages of oxygen agglomeration which can be 
observed, especially thermal donors (TDs) upon temperatures around 450ºC. As expected, the 
resistivity of the samples investigated decreases as a function of sample length and, after TD 
annealing, it remains constant. The ingot with the lower crown tapered angle reveals the higher 
resistivity variation due to the higher cooling rate and higher interstitial oxygen concentration. In 
contrast, the ingot with higher crown tapered angle and consequent lower cooling rate reveals the 
lowest resistivity variation. 
The dopant type and its concentration influence the mechanism behind TD generation and, 
consequently, the material resistivity. 
In conclusion, the early crystal body quality can be influenced by the top ingot quality depending on 
the interstitial oxygen concentration and distribution. The crown tapered angle is just an important 
trace of its thermal history which has influence on material lifetime after TD dissolution. The crystal 
body was not the object of this study; however, analyzing the early body from each ingot, some 
connection between the material lifetime and the crystal growth process can be established.    
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10. Further work 
 
In the future, it would be interesting to proceed with the same characterization process for the whole 
ingot body in order to verify if it is possible to predict the crystal body quality from the early body 
quality. This is only possible if the body growth conditions correspond to that of the crowns which 
were studied on this thesis work.  
This work would be focused on three regions of crystal body, i.e., on the early body, on the middle of 
the crystal body and near the tail. Preparation of samples from each region is required to perform 
interstitial oxygen and resistivity measurements before and after TD annihilation, using FTIR and 
four-point probe, respectively. Lifetime measurements are also necessary and can be obtained by using 
PL imaging. Defects nature and distribution can also be determined by using light microscope and 
SEM, if a more detailed analysis is required. Samples oxidation may also be important to perform in 
order to verify oxygen precipitates and stacking faults distribution. SEM pictures from specific sample 
regions after oxidation could also be something interesting to analyze.  
More correlations between the results of this thesis with the process parameters of the investigated 
ingots would be important and this is the topic of a PhD study. Furthermore, it would be interesting 
and useful to couple all these experimental results with numerical models in order to verify if it is 
possible to predict the final material quality. 
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